Abstract-Effective electromagnetic parameters (EEPs) of periodic structures fabricated mainly by carbonyl iron powders are calculated in this paper. A method of inverting the scattering parameters obtained from simulation software was used. The effect of the absorbent volume ratio and the cycle length on EEPs was studied and analyzed. The correlation of the shapes with EEPs was also researched. The empirical formulas were proposed to calculate EEPs, in which the interaction between two adjacent cells was considered. By using this method, any material could be designed as a periodic structure with controlled EEPs, and the values of EEPs were located between the electromagnetic parameter (EP) of air and that of the original material by a specific rule. The EEPs can be used to design new absorbers as the fundamental data of electromagnetic property of some fresh materials.
INTRODUCTION
To enhance the radar absorptivity, much attention was paid to the composite materials [1, 2] and multilayered methods [3, 4] for a radar absorbing materials (RAMs) designation [5] . EEPs, determined by the effective complex permittivity and effective complex permeability of a structural medium, can evaluate the response of the medium in electromagnetic field regardless of its internal structure. Therefore, the investigation on EEPs is significant for the designation and prediction of a radar absorber. Li et al. have found that absorbing property could be greatly improved via changing a traditional slab to a structure of multi-layered periodic square array [6] . However, the relationship between the structure and its EEPs has not been studied. If EEPs of the periodic structures could be well mastered, they would be easily used as the fundamental data of electromagnetic property of some fresh materials.
Many methods were presented to obtain EEPs of RAMs and to explain the mechanism. Here we classify these studies on EEPs into three types. The first type is the study on EEPs of particulate disperse system [7, 8] . These methods usually assume that the globular particles with a permittivity ε 1 are distributed in a background material ε g , for example, the Rayleigh formula:
where f is the volume fraction. The second type is the study on EEPs of structural RAMs such as honeycomb structure. As reported by Smith, a finite difference time domain (FDTD) method was used to obtain EEPs of honeycomb structure in three orthogonal directions [9] . Zhang et al. adopted a finite element method (FEM), and they used the Hashin-Shtrikman (HS) theory to study the experimental EEPs of the honeycomb structure [10] . Moreover, He et al. found that EEPs could be deduced by strong fluctuation theory while honeycomb pores were regarded as circular-section fibers [11] . However, in all the methods mentioned above, the interactions between two adjacent cells were usually ignored. The last type is the study on EEPs of the double negative materials [12] [13] [14] . To obtain their EEPs values, scattering coefficients which are related to the interaction of two neighbor cells, are usually calculated using the simulation software.
We studied EEPs of the structure of periodic square array fabricated by carbonyl iron powders (CIP). The effect of the absorbent volume ratio and the cycle length on EEPs was studied and analyzed. Empirical formulas were proposed to calculate EEPs. Moreover, EEPs of any other periodic structures could be inferred by analyzing its internal interaction. Our work can provide more options to the researchers who want some new materials to design an absorber.
THEORY
The method to obtain EEPs of a medium based on inverting scattering coefficient was used [15] . The model was built as a square array. Then we changed the side length of the square and the cycle length of the periodic array to find how they affected the EEPs. In this theory, periodic array structure was assumed as a homogeneous slab regardless of its internal structure. Transmission coefficient S 21 and reflection coefficient S 11 must be firstly obtained from simulation. According to the transmission-line theory, S 21 and S 11 can be calculated by complex refractive index n and complex wave impedance Z r based on the following formulas (1) and (2).
where
, k 0 is the wave vector, and P the thickness of the slab. Subsequently, formulas (3) and (4) show n and Z r obtained by inversing formulas (1) and (2), separately.
Here, a series of results would be obtained from Eq. (3) because of the multiple-valued function ar cos. A modified method of Kramers-Kronig was utilized to find the true n, since the true n often changed in different frequency bands [16, 17] . Electromagnetic parameters (EPs) of our material were both positive and continuous with varied frequency. Upon the characteristics of the original material and a small value of p, n could be determined while m in formula (4) was equal to zero in any frequency. Thus, effective electromagnetic parameters would be obtained by formula (5) .
MODEL
To find ε r ,eff and μ r ,eff , S 11 and S 21 must be obtained first. Software computer simulation technology (CST) was used to simulate the model and achieve them. Figure 1 shows one cell of the schematic diagram of the model. The square named as "absorbent" was a hybrid material of CIP and nylon which contained 70% volume ration of CIP and 30% of nylon. The thickness of the medium p mentioned in formula (3) was 1 mm. Frequency selective surface (FSS) unit cell template was set up in software CST, which automatically applied unit cell boundary conditions in the x-and y-directions, and Floquet port excitations were set up in the z-direction. EPs of the absorbent part were obtained from actual measurement and shown in Figure 2 . Some small hollow rings were prepared as test samples in which paraffin was used to replace nylon as their permittivities were close. Then, the rings were tested and analyzed by a vector network analyzer. Using theory of transmission in coaxial line, the equipment calculated and exported EPs of the samples. Average values of EPs of the samples were calculated as the actual test values.
We obtained the model consisting of absorbent and air where the absorbent was set up as a periodic square array. S 11 and S 21 could be calculated by the software using the finite element method in the frequency domain. EEPs of the model would be obtained by the method mentioned in the previous section. By changing the length of absorbent (G) and the length of cycle (L), we could get a series of structures and calculate their EEPs.
RESULTS

Different Volume Ratio of Absorbent
L was set up as an invariable, and its value was fixed at 10 mm. Then we changed the value of G to make the volume ratio of absorbent vary from 10% to 100%. Volume ratio of absorbent was defined as "g" which was equal to G 2 /L 2 . With each value of g, we built a model, got its S 11 and S 21 by simulation, calculated its EEPs by formula (5), and found how EEPs changed with g as shown in Figure 3 . It can be found that EEPs of the medium decreased with the reduction of g. As the medium consisted of two parts, absorbent and air, EEPs of the medium were changed between the EPs of the two. However, the variation of effective permittivity and effective permeability were not the same. ε and ε changed greatly when g was large. On the other hand, μ and μ were almost in linear relation with the changes of g. These results were in accord with part of the conclusions mentioned in [11] , in which EEPs of honeycomb structure were studied. It was beneficial for the purpose of surface impedance matching, because ε r could be close to μ r by changing the parameter g.
Different Length of Cycle
We set up the volume ratio of absorbent g as an invariable, 90%. Then we changed the length of cycle L from 1 to 10 mm. How the EEPs changed with L was shown in Figure 4 . It can be seen that both ε and ε show an approximate 10% decrease with decreasing L. However, for μ and μ , the values remain almost the same. 
DISCUSSIONS
According to the above calculated results, we obtained the experimental formulas to compute the real and imagine parts of permittivity, as reflected in formulas (6) and (7). 
Both formulas include two parts. The first half is an exponential function which shows the relation between the volume ration g and the permittivity (as shown in Figure 3 ). The second half is a linear function which shows the relation between the length of cycle and the permittivity (as shown in Figure 4 ). It was found that the amplitude of variation caused by changing L would also be affected by the volume ratio g.
Because the formulas were obtained based on the data from a limited number of simulations, they were inaccurate because the real and imagine parts of permittivity of the absorbent were far away from 14 and 2. The cycle length that was more than 15 mm could also cause some errors. In addition, Equations (6) and (7) were valid in the range from 2 GHz to 18 GHz. For other cases, EEPs could be calculated by modeling the new structure using the same method.
To verify the validity of our results, we compared it with the EEPs deduced using strong fluctuation theory by He et al. [11] and the Hashin-Shtrikman (HS) theory [18] . Equation (8) was extracted from [11] . Equations (9) and (10) were upper and lower bound formulas from HS theory, which were often used to evaluate the critical EEPs of a composite material.
In Equations (8), (9) and (10), the effective permittivity depends on the volume ration alone. Figure 5 shows the data calculated based on these equations and ours when the cycle length is set as 10 mm and 5 mm.
It can be seen that the effective permittivities calculated from our experimental formulas fell in between those from upper and lower bound HS formulas and were also not completely the same as that calculated according to formula (8) . In our opinions, the reason for the difference was that the periodic square structure had electric capacity coupling between two squares, which was considered fully in our simulation. Therefore, the EEPs computed by the proposed experimental formula may be closer to the true values. The schematic of the physical model is illustrated in Figure 6 (a). Figure 6(b) indicates the electric field distribution according to the simulating data using the software CST. As shown in Figure 6 (a), in the first square, the two boundaries perpendicular to applied electric field E have different polarized charges Q + and Q. It means that the nearest boundaries of two squares in the direction of electric field will have different polarized charges as well. The adjacent boundaries of two squares and the air between them can be assembled to a special capacitance. A special polarization field E C was generated in the space between two squares which enhanced the applied electric field E in this area. It can be demonstrated from Figure 6 (b) that the maximum electric field appears in the gap between two squares. From the simulation, the maximum electric field strength was 8302 V/M, and the maximum electric field strength of applied electric field was 1941 V/M. The enhancement weakened the polarization of the entire model that made the effective permittivity smaller. In conclusion, the electric capacity coupling between two squares made the effective permittivity smaller. When L decreased with a same g, two squares became closer, the electric capacity coupling would be strengthened and then the effective permittivity reduced. It may explain the trend shown in Figures 4(a) and (b) . Similarly, when the volume ratio of absorbent g was more than 0.6, the electric capacity coupling was strong, and the effective permittivity was smaller than that calculated by Equation (8) , as shown in Figures 5(a) and  (b) .
The comparison of effective permeabilities obtained by other formulas and the experimental formula was shown in Figure 7 . It can be seen that the effective permeabilities calculated using those methods were almost the same. The results shown in Figure 7 imply that the magnetic coupling may be weak. The maximum magnetic field strength still appeared in the gap between two squares, but its value was 7.89 A/M. The maximum magnetic field strength of the applied magnetic field was 5.15 A/M. The enhancement of magnetic field was quite small compared with that of electric field.
In conclusion, when the value of "g" was large, and permittivity or permeability was large, the interaction between two adjacent cells could not be ignored, and our proposed formulas could be used to obtain accurate value of EEPs. When the value of "g" was small, and permittivity or permeability was small, EEPs obtained by those methods would be almost the same as shown in Figure 7 . By analyzing the interaction in interior structure, EEPs of other structures can be estimated. As shown in Figure 8(a) , we changed the square to other shapes such as round and cross with the same g and L, and calculated their EEPs. It was found that EEPs of these structures were almost the same, as shown in Figure 9 (a). It may be because the total interaction was unchanged.
In Figure 8 (b), when we divided one square to two rectangles with the cutting face perpendicular to the magnetic field direction (b1 to b2), the EEPs were barely changed. However, when we divided one square to two rectangles with the cutting face perpendicular to the electric field direction (b1 to b3), the value of permittivity became smaller while the value of permeability was still not changed, as shown in Figure 9(b) .
Therefore, under the condition of a lager permittivity, we could give an inference: in one cell, the more the gaps with cutting face perpendicular to the electric field direction existed, the lower the effective permittivity would be. For an irregular shape such as "c2" in Figure 8(c) , it can simplified to "c3", and we found that the permittivity remained almost the same along with the transformation. Moreover, we found that the permittivity of "c3" was smaller than that of "c1" but bigger than that of "c4". The results are shown in Figure 9 (c) which proves our inference.
CONCLUSION
EEPs of carbonyl iron powder designed as periodic square array were calculated using the methods of simulation and inverting the scattering parameters. The effect of the absorbent volume ratio and the cycle length on EEPs was studied. According to the obtained results, the empirical formulas to calculate EEPs of the periodic structure were proposed. By analyzing the interaction inside a cell and between two cells, EEPs of other different shapes could be evaluated. The gaps with cutting face perpendicular to the electric field direction would lead to smaller effective permittivity. Using this method, we could obtain a series of EEPs from one material. These EEPs can be regarded as the fundamental data of electromagnetic property of some fresh materials to design new absorbers.
